Recently developed reprogramming and genome editing technologies make possible the derivation of corrected patient-specific pluripotent stem cell sources-potentially useful for the development of new therapeutic approaches. Starting with skin fibroblasts from patients diagnosed with cystic fibrosis, we derived and characterized induced pluripotent stem cell (iPSC) lines. We then utilized zinc-finger nucleases (ZFNs), designed to target the endogenous CFTR gene, to mediate correction of the inherited genetic mutation in these patientderived lines via homology-directed repair (HDR). We observed an exquisitely sensitive, homology-dependent preference for targeting one CFTR allele versus the other. The corrected cystic fibrosis iPSCs, when induced to differentiate in vitro, expressed the corrected CFTR gene; importantly, CFTR correction resulted in restored expression of the mature CFTR glycoprotein and restoration of CFTR chloride channel function in iPSC-derived epithelial cells.
INTRODUCTION
Cellular transplantation of lung stem/progenitor cells represents a potential therapeutic approach for a variety of inherited monogenic lung diseases. A patient-specific approach would first involve derivation of autologous induced pluripotent stem cells (iPSCs) from skin or blood cells of affected patients. Utilizing site-specific homologydirected repair (HDR), the disease-causing mutation would then be corrected in the endogenous, chromosomal DNA sequence. Finally, a directed differentiation approach would be employed to obtain highly purified populations of the relevant lung stem/progenitor cells from the corrected iPSCs for the purpose of transplantation.
We focused our initial development of this therapeutic approach on cystic fibrosis (CF). The primary defect in CF, an autosomal recessive disorder, is the regulation of epithelial chloride transport by a chloride channel protein encoded by the CF transmembrane conductance regulator (CFTR) gene (Kerem et al., 1989) . Recurrent pulmonary infections are responsible for 80%-90% of the deaths in CF patients. Therefore, transplantation of CFTR-corrected, autologous lung stem/progenitor cells provides an attractive alternative strategy for treating CF.
Here we used zinc-finger nuclease (ZFN)-mediated HDR to edit the endogenous CFTR locus and precisely correct mutations responsible for CF in patient-derived iPSCs.
RESULTS

Correction of CFTR Mutation via ZFN-Mediated HDR in CF iPSCs
Retroviral vectors encoding reprogramming factors (OCT4, SOX2, KLF4, C-MYC, and NANOG) were utilized to reprogram CF primary fibroblasts to iPSCs; the CF fibroblasts and derived iPSCs were compound heterozygous at the CFTR locus, with one allele DF508 and the other allele DI507 (Figure S1A ). CF iPSC clones expressed cellular antigens characteristic of undifferentiated human embryonic stem cells (hESCs), were pluripotent as assayed by teratoma formation, and retained a normal karyotype (Figures S1B-S1D).
The overall strategy for correction of CFTR exon 10 (CFTR legacy exon notation) mutations consisted of delivering CFTR-specific ZFNs together with a selectable CFTR donor DNA ( Figure 1A ). We designed ZFNs targeting CFTR exon 10, recognizing DNA sequences approximately 110 bp upstream of either the DI507 or DF508 deletions, to facilitate the correction of either mutant allele by HDR. The CFTR ZFNs were co-delivered with a plasmid encoding the CFTR donor to CF iPSCs. Puromycin-resistant colonies were initially screened via PCR and then sequenced to confirm that CFTR exon 10 was corrected via HDR. Southern blot analysis confirmed that four clones (17-1, 17-9, 17-14, and 17-16) exhibited the expected genomic organization in the corrected CFTR allele without any additional integration of pgk-puroTK sequences ( Figure 1B ). Sequencing of CFTR genomic DNA exon 10 sequences at targeted (wild-type [WT] ) and unmodified (DF508) alleles for each of the four corrected clones demonstrated correction of one CFTR allele (DI507) per clone ( Figure 1C ). Transient delivery of a Cre-recombinase expression plasmid resulted in numerous puroTK-excised clones from each of the four successfully edited clones; successful excision was confirmed via PCR analysis with subsequent Cla I digestion (Figures 2A and 2B) and Southern blot analysis ( Figure 1B) .
We demonstrated that two of two correctly edited puroTK-excised iPSC clones (17-9-C1 and 17-14-C1) retained pluripotency, as evidenced by teratoma-forming ability ( Figures S2A and S2C) ; furthermore, quantitative transcriptional profiling of 44 genes characteristic of human pluripotent stem cells revealed that both corrected iPSC lines (17-9-C1 and 17-14-C1) exhibited a gene expression pattern highly similar to both the original uncorrected CF iPSCs (clone 17) and hESCs (line WA09) (Figures S2B and S2D) .
Karyotypic analysis of 17-9-C1 and 17-14-C1 confirmed retention of a normal karyotype ( Figures S2A and S2C) . (B) The schematic shows the expected genomic organization of a targeted CFTR allele including the WT exon 10 (shown in black) together with the pgk-puroTK selection cassette. A unique 6.4-kb hybridizing band is expected for a correctly modified clone and is apparent in the four corrected clones (17-14, 17-1, 17-16, and 17-9) , but absent in the Cre-excised clones and the non-targeted clone 17 CF iPSCs. (C) Sequence chromatograms of the modified WT and unmodified DF508 CFTR alleles from corrected CF iPSC clones. See also Figure S1 .
Comparative genomic hybridization (CGH), validated by complete genome sequencing, did not identify any copynumber variations in corrected clones 17-9-C1 and 17-14-C1 not already present in uncorrected clone 17 iPSCs. To assess any off-target effects of ZFN-or Cre-mediated excision methodologies at higher resolution, we also submitted genomic DNA from corrected clones 17-9-C1 and 17-14-C1, as well as from the CF fibroblasts and clone 17 CF iPSCs, for whole-exome and complete genome sequencing. Concordance between exome and whole-genome sequencing was high, validating the variations identified as well as our analysis methodology. We detected only one non-synonymous coding variant (NSCV) unique to clone 17 iPSCs and not present in the original mutant CF fibroblasts. We identified, in comparison with the parental clone 17 iPSCs, two novel NSCVs in 17-9-C1 and eight novel NSCVs in 17-14-C1; these changes consisted entirely of single-basepair substitutions (Table S1 ). The DNA sequences flanking these variants were examined to determine whether the DNA variations in the ZFN-corrected iPSCs possibly resulted from non-homologous end joining (NHEJ) at sites of off-target cutting by the ZFNs. Importantly, the NSCV found in the corrected cell lines did not share significant homology to any permutation of ZFN target site (Table  S1 ). Additionally, we did not find any variations that were shared by the two corrected cell lines. Taken together, the type of mutation, the lack of commonality between clones, and the lack of homology to ZFN target sites at/ around these changes argue strongly against any ZFN offtarget activity in these lines at the whole-exome level. In Figure 2 . Cre-Mediated Excision of puroTK Cassette from Corrected CF WT/ DF508 iPSCs (A) Schematic of the modified allele, before and after Cre-mediated excision, and the unmodified allele. The location of PCR primers (arrows marked 3 and 3 0 ), both located outside of donor sequences, used in verification by amplification are shown. Also indicated are the expected sizes of Cla I digestion products. (B) (Top) The PCR amplicons for the original targeted clones (17-9 and -16), the Creexcised clones (17-9-C1 and -C2; 17-16-C1 and -C2) , and the original clone 17 CF iPSCs. The presence of only the 1.8-kb band for Cre-excised clones is consistent with successful excision. (Bottom) The results of Cla I digestion of the PCR amplicons. The size of bands for the Cre-excised clones is consistent with successful excision. (C) RT-PCR analysis of CFTR expression for two targeted CF iPSCs (17-9 and -16) as well as their derived Cre-excised clones. Also shown is CFTR expression by the original clone 17 CF iPSCs and CFTR-expressing Calu-3 cells; mouse embryo fibroblasts (MEFs) and HEK293TN cells are negative controls. (D) Sequencing of CFTR RT-PCR product from mutant DI507/DF508 CFTR iPSCs (clone 17) revealed a mixture of DI507 and DF508 CFTR sequences. (E) Sequencing of CFTR RT-PCR product from corrected WT/DF508 CFTR iPSCs (clones 17-9 and 17-16), together with their Creexcised derivatives, revealed a mixture of WT and DF508 CFTR sequences. See also Figure S2 and Tables S1 and S2. (17) and corrected (17-16-C1) CF iPSC by Ussing chamber analysis. Cells were treated with either DMSO (0.03%) or VX809 (3 mM) for 24 hr. After establishment of Cl À gradient and the addition of amiloride, monolayers were treated with forskolin and genistein followed by the administration of CFTR inhibitor 172. The change in Isc (mA/cm 2 ) for each perturbation is shown. Only corrected clone 17-16-C1 demonstrates the presence of CFTR channels in the cell membrane, as evidenced by activation of cAMP-dependent short-circuit currents. The addition of CF corrector VX809 to differentiated clone 17 sample partially restores CFTR-mediated chloride activity. (E) Aggregated data of short-circuit current measurements from an experiment with differentiated mutant (17), with or without CF corrector VX809, and corrected (17-16-C1) CF iPSC (three transwell replicates per sample, mean ± SD. (F) Aggregated data of short-circuit current measurements from an experiment with differentiated mutant (17) and corrected (17-16-C1), with or without CF corrector VX809, and WA09 hESC control (five transwell replicates per sample, mean ± SD). (G) Aggregated data of short-circuit current measurements from an experiment including all independent mutant (17 and 28) and corrected (17-9-C1, 17-14-C1, and 17-16-C1) differentiated CF iPSC clones (three to six transwell replicates per sample, mean ± SD). (H) Aggregated data of short-circuit current measurements; graphed is the maximum change in short-circuit current resulting from the addition of forskolin and genistein. Shown is the mean ± SE. The comparison shown is between two mutant CF clones (17 and 28; total of four independent differentiated experimental samples, three to six transwell replicates per sample) and three corrected CF clones (17-9-C1, (legend continued on next page) addition, we interrogated the complete genome sequences of the two corrected iPSC clones (17-9-C1 and 17-14-C1) at the top 100 ranked potential off-target ZFN-binding sequences (representing either homo-dimer or hetero-dimer binding) for any evidence of cleavage (see Supplemental Experimental Procedures). No evidence for NHEJ-induced mutation, either in exon or intron sequences, was identified (Table S2) , again arguing against any ZFN off-target activity in these lines.
We similarly applied the ZFN-mediated gene correction methodology to two transgene-free CF iPSC lines homozygous for the DF508 mutation. These CF iPSC lines (RC202 and RC204) were originally derived by reprogramming of DF508/DF508 CF fibroblasts with a Cre-excisable polycistronic lentiviral vector (Somers et al., 2010) . A total of six corrected iPSC clones (five from RC202 and one from RC204) were obtained, each of which was corrected at one of the two DF508 alleles (i.e., of resulting genotype WT/DF508) (data not shown).
Expression of the Corrected CFTR Gene in Gene-Edited iPSCs and iPSC-Derived Cells
We detected low-level CFTR expression in the original, uncorrected DI507/DF508 clone 17 iPSCs ( Figure 2C ) and WA09 hESCs (data not shown) by RT-PCR. Similarly RT-PCR analysis for clones 17-1, -9, -14, and -16 yielded a single band of similar size to that seen for clone 17 iPSCs ( Figure 2C ). Sequencing of the clone 17 iPSC line RT-PCR product demonstrated CFTR mRNA expression arising from both the DI507 and DF508 alleles ( Figure 2D ). Sequencing of the RT-PCR product from the four corrected clones, both prior to and following pgk-puroTK excision, confirmed the expected cDNA organization (exons 9-13) and demonstrated CFTR mRNA expression from both the corrected and mutant alleles (DF508) ( Figure 2E ).
We next examined expression of corrected CFTR mRNA and protein under in vitro differentiation conditions previously demonstrated to generate anterior foregut endoderm and primordial lung progenitors from mouse ESC (Longmire et al., 2012) and human ESC/iPSC (Green et al., 2011) . In brief, after induction of definitive endoderm, inhibition of BMP/TGF-b signaling with NOGGIN/SB431542 was employed to enrich for anterior foregut endoderm. Subsequent exposure to growth factors implicated in lung development and maturation (WNT3a/KGF/FGF10/ BMP4/EGF and retinoic acid) was then used to induce expression of NKX2-1, the earliest marker of commitment of endoderm to either a lung or thyroid epithelial cell fate ( Figure 3A ). Employing this protocol, mutant CF iPSCs (two independent clones, 17 and 28), corrected CF iPSCs (three clones, 17-9-C1, 17-14-C1, and 17-16-C1, independently obtained from correction of mutant clone 17), and WA09 hESCs efficiently generated definitive endoderm, as evidenced by co-expression of CXCR4 and C-KIT in >90% of cells ( Figure S3A ) and upregulated expression of endodermal transcriptional regulators, FOXA2 and SOX17 mRNA, by qPCR (data not shown). Further endodermal differentiation, for a total of 19 days in this protocol, subsequently upregulated expression of NKX2-1, SOX9, TP63, FOXP2, and FOXA2, suggesting commitment of at least a sub-population of cells within the endodermal culture to a lung epithelial cell fate (Longmire et al., 2012) , and demonstrated increased expression of the CFTR target gene ( Figure 3B ), as expected from differentiated endodermally derived epithelia. Immunostaining confirmed that a subpopulation of cells co-expressed NKX2-1 and FOXA2 in this directed differentiation protocol ( Figure S3B ). Importantly, CFTR mRNA expressed on day 19 from differentiated mutant CF iPSCs (clone 17) reflected expression of both mutant DI507 and DF508 CFTR alleles, whereas differentiation of corrected iPSCs (17-16-C1) revealed co-expression of corrected WTand mutant DF508 CFTR mRNAs ( Figure S3C ). These results indicate appropriately regulated gene expression of the corrected WTallele, in comparison to the mutant DF508 allele, in the corrected iPSC-derived cells.
CF patients, either compound heterozygous DI507/ DF508 or homozygous DF508/DF508, fail to express the mature, fully glycosylated CFTR protein. Correction of either allele, corresponding to carrier state WT/DF508 or WT/DI507, should result in restored expression of the mature CFTR glycoform. Western blotting of protein lysates from day 19 differentiation cultures, probed with a CFTRspecific antibody, identified the mature 170-kDa CFTR protein in differentiated WT CFTR, WA09 hESCs, and in differentiated corrected iPSCs (17-9-C1, 17-14-C1, and 17-16-C1), but not in differentiated DI507/DF508 iPSCs (clones 17 and 28; Figure 3C ). The identity of the mature glycoform is confirmed by its presence in HEK293TN cells transfected with WT CFTR, but not DF508, expression constructs ( Figure S3D ), as well as in WT CFTR-expressing Calu-3 cells ( Figures 3C and S3F ). In addition, its identity as the mature CFTR protein is verified by its reduction in molecular weight upon treatment with peptide-N-glycosidase (PNGase F; Figure S3F ). These results are consistent with maturation of CFTR protein from the corrected CFTR allele in cells derived from the ZFN-edited iPSC clones.
17-14-C1, and 17-16-C1; total of five independent differentiated experimental samples, three to six transwell replicates per sample). Results were clustered by clonal cell line and experiment number; statistical analysis was performed using a linear mixed-effect model by restricted maximum likelihood to account for correlated replicates within the same experiment. See also Figure S3 .
Restoration of CFTR Chloride Channel Function in Gene-Edited iPSC-Derived Epithelial Monolayers
To examine whether CFTR gene correction resulted in functional rescue of CFTR chloride channel activity, we initially selected the mutant (clone 17) and the corrected CF iPSC line (17-16-C1) for analysis. iPSCs were differentiated for 19 to 20 days as outlined above, replated onto permeable supports, and grown until confluent monolayers were established. Assessment of functional CFTR chloride channel activity in iPSC-derived epithelial monolayers was performed by Ussing chamber analysis. Sodium channel activity was first blocked by amiloride to establish a baseline. Stimulation with forskolin and genistein increased CFTRdependent short-circuit current (Isc) for corrected 17-16-C1, but not for mutant clone 17 ( Figures 3D and 3E ). The addition of CFTR inhibitor 172 decreased Isc levels back to baseline and verified the CFTR specificity of the assay ( Figures 3D and 3E ). Mutant clone 17 monolayers, when treated with VX809 (a CFTR modulator capable of partially correcting the defective folding and aberrant maturation of DF508 mutant CFTR), exhibited partial restoration of CFTR-mediated chloride transport ( Figures 3D and 3E) .
To evaluate the extent of functional correction, in a subsequent experiment we demonstrated that 17-16-C1-derived cells functioned similarly to those of control WA09 hESCs, and they showed no further significant increase in CFTR chloride channel activity when treated with VX809 ( Figure 3F Figure S3G ). To ensure that functional correction seen for 17-16-C1 was not simply an anomalous feature of this specific clone, we assayed CFTR functional activity, in addition to the originally assayed 17 and 17-16-C1, in an additional mutant CF iPSC line (28) and two additional corrected CF iPSC lines, each of which were independently derived from mutant clone 17 (17-9-C1 and 17-14-C1). Whereas both mutant clones showed similar non-responsive behavior, all three corrected iPSC clones yielded epithelial monolayers with CFTR functional activity increased with respect to both mutant clones 17 and 28 ( Figure 3G ). When considered together, the three corrected CF clones (17-9-C1, 17-14-C1, and 17-16-C1) exhibited maximum short-circuit currents significantly greater than mutant CF clones (17 and 28) ( Figure 3H , p = 0.028). These functional results exhibit a strong correlation with the expression of fully glycosylated CFTR protein in the corrected clones ( Figure 3C ).
Allele-Preferred Targeted Correction
In our targeted correction of the DI507/DF508 clone 17 iPSCs, we observed a strong preference for targeting the DI507 allele versus the DF508 allele; sequencing of the unmodified allele yielded either the DI507 mutant allele (present in 3 of 21 clones) or DF508 mutant allele (in 18 of 21 clones) (a DI507/DF508 targeting ratio of 6:1) ( Figure 4A ). Although we initially speculated that perhaps a greater level of chromatin accessibility or transcriptional activity for one allele versus the other may have been responsible, our sequencing of CFTR cDNA from the original DI507/ DF508 iPSCs, as shown previously, revealed transcriptional activity from both mutant alleles ( Figure 2D ).
To investigate the cause of this allele-specific correction, we fully sequenced the 1.6-kb endogenous CFTR sequences homologous to the donor DNA used in the targeting vector, of each mutant allele (DI507 or DF508), to determine whether the donor was truly isogenic for both alleles. This analysis revealed a single-base-pair difference (A > G) in intron 9, 76 bp upstream of the ZFN cleavage site, present in the DF508 mutant allele, but absent in both the DI507 mutant allele and the donor ( Figure 4B ). In classical homologous recombination, isogenic regions of homology are preferred for donor construction; thus, we speculated that this single-base-pair difference occurring selectively in the DF508 allele of the CF iPSCs may have caused this selective behavior. To test this hypothesis, we introduced this A > G mutation into the donor sequences to see whether this donor would now selectively favor targeting of the DF508 allele. As shown in Figure 4A , the A > G single-base-pair substitution did in fact skew the allele-specific targeting from the DI507 allele to the DF508 allele (from a DI507:DF508 ratio of 6:1 for the A donor to a DI507:DF508 ratio of 1:3.7 for the G donor, a net 22-fold change resulting from a single-base-pair change). Molecular characterization and sequencing of these DF508-targeted, puromycin-resistant iPSC clones now identified three clones with specific correction of the DF508 allele. As such, these clones were now of WT/DI507 CFTR genotype.
DISCUSSION
We utilized ZFN-mediated gene editing (Urnov et al., 2005; Hockemeyer et al., 2009) to correct, in a site-specific manner, the CFTR mutation in iPSCs derived from CF patients. The generation of iPSCs from CF patients has been reported previously, with subsequent differentiation into epithelial cells (Somers et al., 2010; Mou et al., 2012; Wong et al., 2012; Sargent et al., 2014) . The design and assessment of CFTR-specific nucleases also has been reported previously (Maeder et al., 2008; Lee et al., 2012; Sargent et al., 2014) , including repair of the mutant CFTR gene. Site-specifically editing the endogenous gene (Garate et al., 2013) offers the potential for physiologically regulated expression of the therapeutic gene, retaining the expression of alternately spliced isoforms and eliminating the potential interfering influence of inherited mutations that may be dominant negative. In vitro differentiation of the mutant CF iPSCs into lung epithelial cells and tissue, controlled for by the parallel differentiation of the otherwise isogenic corrected CF iPSCs, may provide a valuable tool for examining the functional consequence of mutant CFTR expression. Furthermore, corrected CF iPSCs present a potential source of patient-specific cells capable, in vitro, of differentiation into various lung stem/progenitor cells (Weiss et al., 2011) , either for transplantation of autologous lung cells or for seeding de-vitalized lung scaffolds ex vivo to generate autologous lungs (Ott et al., 2010) .
CF patients, either compound heterozygous DI507/ DF508 or homozygous DF508/DF508, lacking expression of the normal CFTR protein, manifest various features of CF disease. Individuals bearing either the DI507 or DF508 CFTR mutations at only one allele (i.e., WT/DI507 or WT/ DF508) are CF carriers and exhibit no defects in lung cell function (Kerem et al., 1990) . Thus, correction of CF iPSCs derived from either DI507/DF508 or DF508/DF508 CF patients would be achieved by converting to WT either one or both mutant alleles. In this paper we first report targeted correction of DI507/DF508 iPSCs with the resulting iPSCs, corrected at a single allele, of genotype WT/DF508; as such, they correspond to the heterozygous DF508 carrier state. We demonstrated restored expression of both WT CFTR mRNA and mature CFTR protein in cells differentiated from a corrected, puroTK-excised clone 17-16-C1. This was not unexpected since the CFTR gene-editing approach simply restores the mutant DI507 or DF508 sequences in exon 10 to WT, with the only residual footprint being the loxP sequences in intron 10. Starting with the same DI507/DF508 iPSCs, but utilizing a donor with greater similarity to the DF508 CFTR allele (Figure 4 ), we were then able to obtain corrected iPSCs of genotype WT/DI507. Additionally, starting with two transgene-free DF508/ DF508 CF iPSC lines, we were able to obtain corrected iPSCs of genotype WT/DF508.
The exquisite sensitivity of the allele-preferred targeting, that only a single-base-pair difference (of a total 1.6 kbp donor) could so dramatically specify the targeting for one allele versus the other was perhaps unanticipated. In subsequent correction of another mutant gene in disease-specific human iPSCs (the PKLR gene in pyruvate kinase deficiency), we again observed a precise allele-specific targeting caused by a single-base-pair difference in 2.0 kb of homology sequences (Z. Garate, A.M.C., B.R.D., and J.C. Segovia, unpublished data). It is possible that mismatches present in the integrated genome sequences, particularly those in proximity to nuclease cleavage sites, may dramatically influence the efficiency of targeting via decreasing the efficiency of strand invasion, recognition of the donor as a homologous template, and/or synthesis-dependent strand annealing. A preference for donor/target similarity also was seen in ZFN-mediated targeting of the histone variant H3.3 gene (Goldberg et al., 2010) , although to a lesser extent than seen here. A requirement for exquisite matching between donor sequences and target alleles also recently was observed in AAV-mediated targeting, in which even 1 bp mismatch in 1.8 kb of homology sequence decreased the targeting efficiency for the APP locus by 4.5-fold (Deyle et al., 2014) . Although this last report did not include site-specific donor sequence DNA cleavage, it does support the need for close donor-to-target sequence similarity. Taken together, these results suggest that donor sequences utilized for nuclease-mediated HDR should be finely tuned to the targeted gene locus in the recipient cells. Specific rules for the application of allele-preferred targeting remain to be developed (for example, the quantitative effect of mismatch as a function of distance from nuclease cleavage site). Finally, we note that this allele-specific targeting offers the potential for preferential targeting of specific mutant alleles, for example dominant alleles, by sequence-specific nuclease-mediated gene correction.
Having successfully corrected various mutant CFTR alleles in the CF iPSCs, we sought to develop in vitro differentiation conditions allowing us to confirm appropriately regulated expression of the corrected CFTR gene. After a total of 19 days of differentiation, upregulated expression of NKX2-1, SOX9, FOXP2, FOXA2, and CFTR were all consistent with some cells committed to a lung cell fate arising in the culture ( Figure 3B) . Future work will focus on enriching the NKX2.1-expressing lung progenitors to generate a fully developed lung airway epithelium (Longmire et al., 2012) .
We demonstrated that CFTR gene correction resulted in restoration of expression of the mature CFTR glycoprotein and CFTR chloride channel function in iPSC-derived epithelial cells. Mutant clone 17 monolayers, when treated with CFTR corrector VX809, exhibited partial restoration of CFTR-mediated chloride transport. This indicates that the failure of non-drug-treated clone 17 cultures to exhibit CFTR chloride transport was not due to incomplete differentiation. Furthermore, in Figure 3F we show that treatment of the corrected line 17-16-C1 with the corrector VX809 yields no further significant increase in chloride channel activity. Since the 17-16-C1 line is WT/DF508, this result suggests that the one corrected allele, corresponding to the carrier CF state, produces sufficient WT CFTR protein to respond normally.
Although in our experience there may be some differences, experiment to experiment, in the efficiency of differentiation, these have not affected the primary observation that, once differentiated, mutant CF iPSCs (17 and 28) yield neither mature CFTR protein nor CFTR-specific chloride channel activity; whereas corrected CF iPSCs (17-9-C1, 17-14-C1, and 17-16-C1) and the normal control WA09 hESCs yield mature CFTR protein and CFTR-specific chloride channel activity. Although prior studies of hESC/iPSC-derived epithelial cells documented CFTR functional activity via patch clamping of individual cells (Firth et al., 2014) or iodide efflux (Wong et al., 2012) , our demonstrated ability to evaluate functional CFTR chloride channel activity via the Ussing chamber assay in hESC/iPSC-derived polarized epithelial monolayers should be a valuable tool in CFTR drug screening and analysis of various CFTR mutations.
EXPERIMENTAL PROCEDURES
Human subject and animal subject reviews were performed by University of Texas Health Science Center institutional review committees.
CF iPSC Generation and Characterization
CF fibroblasts were transduced with pMXs retroviruses expressing OCT4, SOX2, KLF4, NANOG, and C-MYC, and reprogrammed iPSC colonies, selected for in hESC media, were subsequently identified based on morphology and live cell staining for Tra-1-60 and Tra-1-81. Pluripotency was assayed by teratoma formation and confirmed by quantitative transcriptional profiling.
ZFN-Mediated Correction
Dissociated iPSCs were nucleofected with ZFNs together with a 1.6-kb donor construct (including WT exon 10, a loxP-flanked pgk-puroTK selection cassette in intron 10, and flanking homology sequences). Colonies exhibiting CFTR correction were identified by PCR and confirmed via Southern blot analysis.
In Vitro Differentiation and Functional Analysis
CF iPSCs, either mutant or corrected, and WA09 hESCs (as control) were differentiated based on Green et al. (2011) and Longmire et al. (2012) , with minor modifications. CFTR protein was detected by immunoblotting. Ussing chamber analysis and 125 I-efflux experiments were performed to demonstrate restoration of CFTR-mediated chloride channel function.
Assessment of Genome Integrity
The genomic integrity of mutant (clone 17) and two corrected CF iPSC lines (17-9-C1 and 17-14-C1) was assessed by karyotyping, whole-exome and whole-genome sequencing, and CGH.
Data Access
Next-generation sequencing data can be downloaded from http:// www.ncbi.nlm.nih.gov/Traces/sra/ using the study accession numbers SRA058070 for the Complete Genomics whole-genome dataset and Illumina exome sequencing data (in .bam file format). Mou, H., Zhao, R., Sherwood, R., Ahfeldt, T., Lapey, A., Wain, J., Sicilian, L., Izvolsky, K., Musunuru, K., Cowan, C., and Rajagopal, J. Representative flow cytometry analysis showing CXCR4 vs. CKIT co expression after 4 days of differentiation to definitive endoderm of all mutant and corrected CF iPSC clones studied.
SUPPLEMENTAL INFORMATION
Isotype control (top panels) were used to set gate for experimental clones (bottom panels) B.
Corrected CF wt/ΔF508 iPSCs (RC 202) were differentiated towards anterior foregut endoderm/NKX2-1 according to the directed differentiation protocol shown in Fig. 3A .
Immunostaining for FOXA2 (green) and NKX2-1 (red) was performed on day 14 of the differentiation and demonstrates that the majority of cells are endodermal (FOXA2+) 
Supplemental Experimental Procedures
Cystic fibrosis primary fibroblasts:
CF primary fibroblast line GM04320 was obtained (Coriell Repository, Camden, NJ) from a patient (17 year old male) reported homozygous for the ΔF508 mutation. Clinical symptoms for this patient were reported as advanced pulmonary disease and pancreatic insufficiency; in addition, defective cAMP stimulated chloride channel activity was demonstrated in fibroblasts from this patient (Lin and Gruenstein 1987) . Our sequencing of the CFTR alleles in genomic DNA isolated from the GM04320 fibroblasts demonstrated that the patient was, in fact, a compound heterozygote with one allele being ΔF508 and the other ΔI507. ΔF508/ΔI507 compound heterozygosity has previously been reported in CF patients (Kerem et al., 1990) . The donors utilized included either "A" or "G" in intron 9, 76 bp upstream of the ZFN cleavage site. We did not observe a significant difference in the ratio of CFTR-targeted vs. nontargeted puro R colonies as a function of donor. For example, in a total of two experiments with the "A" donor, we analyzed a total of 63 puro R colonies, of which 21 exhibited targeting within the CFTR locus as evidenced by PCR amplification at the upstream end of the donor. For the "G" donor, we analyzed a total of 57 puro R colonies, of which 15 gave evidence for targeting within the CFTR locus (one of the 15 colonies did not subsequently pass one of our further criteria for targeting and was thus not included in the total in Fig. 4 ).
Molecular analysis of targeted iPS clones:
Genomic DNA was isolated from puromycin-resistant clones beginning at passage 2 by QIAprep Spin Miniprep Kit (Qiagen) or ArchivePure DNA Cell Tissue Kit (5 Prime). PCR amplification utilizing various primers (e.g. Fig. 2 ) was performed according to manufacturer protocols. Sequencing was performed on an ABI 3730XL sequencer. Sequences of oligonucleotide primers utilized for PCR amplification and sequencing are available upon request.
Southern blotting:
In order to generate a radio-labeled DNA for probing Southern blotted genomic DNAs, the donor plasmid was digested with Nde I + Spe I, separated on 0.8% agarose gel, and then the 2.3 kb fragment was cut out and gel-purified (Qiagen). The 2.3 kb fragment was labeled with [alpha-
32 P]dCTP using Prime-It II Random Primer Labeling kit (Agilent Technologies) following manufacturer's instruction. 25 µg of genomic DNAs (gDNAs) were digested with Spe I overnight and purified by phenol/chloroform extraction. The gDNAs were then resolved on 1% agarose gell and transferred to a Nytran Super Charge membrane (Schleicher and Schuell) and hybridized with 32 P-labeled probe. The membrane was exposed and image scanned using a phosphorimager system (Molecular Dynamics).
Cre-mediated excision of selectable marker:
Cre-expression plasmids (pBS513 EF1alpha-cre [B. Sauer, 11918] (Le et al., 1999) , pCAG-Cre [C. Cepko, 13775] ) (Matsuda and Cepko 2007) were delivered to Accutase-treated single cells via Amaxa nucleofection (same conditions as ZFN mediated targeting) and plated onto irradiated puromycin-resistant MEFs. Individual colonies were picked and expanded, and then plated in replicate to identify those clones that had become sensitive to puromycin. Alternatively, some clones were first identified based on their resistance to FIAU (1 µM, Moravek Biochemicals), expanded, and then plated in replicate to identify puromycin sensitive clones.
In vitro differentiation:
CF iPSCs, either mutant or corrected, and WA09 ESCs were differentiated based on (Green et al., 2011) and (Longmire et al., 2012) with minor modifications. Single cell adapted and mTeSR1 (StemCell Technologies) cultured clones were lifted from the plate by using 1mg/ml Dispase (StemCell Technologies). To form embryoid bodies (EBs), cells were transferred into serum-free differentiation medium (SFDM, previously described in (Longmire et al., 2012)) supplemented with 10 µM Y-27632 (Reagent Direct), 3 ng/ml BMP4 and 10 ng/ml Wnt3a onto low attachment six well plates (Corning). All differentiation factors were purchased from R&D Systems if not otherwise indicated. Next day the medium was changed to SFDM containing 10 µM Y-27632, 0.5 ng/ml BMP4, 2.5 ng/ml b-FGF and 100 ng/ml Activin A to induce definitive In profiling the differentiated cells, gene expression levels were determined in 2-3 well replicates, normalized against housekeeping gene 18S, and compared to undifferentiated samples. All
TaqMan gene expression assays were obtained from Life Technologies.
CFTR constructs and transfection:
CFTR wt and ΔF508 over-expression plasmids were previously described in (Hoelen et al., 2010 ) and a kind gift from Jeffrey Beekman. HEK293 cells grown in six well plates were transfected with 2 µg of pcDNA3-CFTRwt and pcDNA-F508del plasmids using X-treme Gene Ringer solution (HPBR) and incubated at 37°C in 5 % CO 2 for 1-2 hours (Venglarik et al., 1990) .
Briefly, cells were washed 4 times with 1 ml aliquots of isotope-free HPBR solution to establish an iodide efflux baseline. From minute one, isotope-free HPBR solution with or without CF inhibitor 172 (10 µM) was added by first removing all the solution from duplicate wells and replacing it with fresh solution at one minute intervals indicated times. At minute six, we added 1 ml cAMP buffer (HPBR with forskolin (10 µM) and genistein (50 µM) in the presence or absence of CF inhibitor 172 (10 µM)). Samples were collected until approximate 14 minutes. Buffer changes at each time point were collected and analyzed for radioactive 125 I. Remaining counts were obtained by cell lysis with 1% SDS, 0.1 N NaOH solution. 125 I-efflux are expressed in % counts per minute (CPM) as determined by the ratio of counts at a specific time point versus total of measured radioactivity (i.e., released iodide in supernatants versus remaining iodide from lysed cells). We also assayed Calu-3 cells to establish robustness of the assay (data not shown, (Cantin et al., 2006) ).
Genome sequencing and analysis:
Human iPSCs were first depleted of MEFs by passage on matrigel in MEF-conditioned media.
Genomic DNA was extracted with the QIAprep Spin Miniprep Kit. DNA sequences were obtained as described previously using DNA nanoball amplification and combinatorial probeanchor ligation sequencing (Drmanac et al., 2010; Lee et al., 2010) . Possible de novo nonsynonymous coding variants (NSCV) were analyzed and filtered based on two independent criteria (somaticScore and refScore) and then combined to generate the list in Table S1 . Since each cell line was compared to the reference genome (GRCh37/hg19) we used the calldiff function with somatic option in CGA Tools to generate pairwise comparisons of our four cell lines. All NSCV with SomaticScore greater than -10 from the 8 pairwise comparisons were combined with NSCV which had a refScore greater than 60 (indicating the likelihood of being homozygous reference) in the mutant CF fibroblast cell line. The compendium of putative NSCV was examined across all four cell lines by loading evidence file based BAM files for each cell line into the Integrative Genomics Viewer (Robinson et al., 2011) . We considered false NSCV to consist of variations in areas with poor coverage (<9 reads), seen in the CF mutant fibroblast (Gore et al., 2011) , variations present at <10% frequency, and those duplicating nearby repetitive sequences. The 10% frequency is based on observations of loci with variant reads present at 10% of total reads that were not called variant. Since the BAM files were generated from evidence files after de novo alignment, coverage was assessed indirectly based on calls in the masterVarbeta files; regions with "no call" or "complex" in any of the cell lines. In other instances where there was no sequence data in the BAM files and a call of "hom ref", we assumed homozygous reference sequence when coverage scores were positive.
Exome Capture and Sequencing: reads of an average size of 107 bp per sample was returned to us as two fastq files (one file per orientation).
Read Mapping:
Each pair of fastq files were aligned to human genome (hg19) using Novoalign (http://www.novocraft.com). All parameters were kept at the default settings, as recommended by Novocraft. SAMtools (http://samtools.sourceforge.net/) (Li et al., 2009 ) was used to sort the SAM files, create BAM files and generate their index files. Picard (http://picard.sourceforge.net/)
was used to remove all the PCR duplicates from the BAM files. The Genome Analysis Toolkit (GATK) (McKenna et al., 2010) was used for local realignments, base quality recalibration, and variant calling. Parameters were set as described in GATK's Best Practices v3. GATK generated standard variant call format files (VCF http://www.1000genomes.org/wiki/Analysis/Variant%20Call%20Format/vcf-variant-call-formatversion-41). The VCF files were annotated using snpEff (snpeff.sourceforge.net) (Cingolani et al., 2012) and ANNOVAR (Wang et al., 2010) . From this point on we focused our analysis only on the putative coding non-synonymous variants.
NSCV described were independently found in both the whole genome (WGS) and the exome sequencing, which incorporates data from two different sequencing platforms and analysis methods (Lam et al., 2012) . Both WGS and exome sequencing identified 4 NSCV in the CF iPS, but only 1 NSCV was present in both data sets. For the 17-9-C1 cells, 1 additional NSCV was identified by exome sequencing while for the 17-14-C1 cells, 1 additional NSCV was found by WGS. Whole genome sequencing was also employed to identify the integration sites of the reprogramming vectors in Clone 17 CF iPSCs; as expected for retroviral vectors, the majority of
